Background The contributions of tobacco smoking to overall mortality and socioeconomic inequalities in mortality vary between populations and over time. We determined how these contributions varied by sex and over time in two national New Zealand cohort studies.
Introduction
Reducing socioeconomic inequalities in health is increasingly recognized as an important goal-as echoed in recent definitions and goals of public health. 1 One potential pathway to reduce such inequalities is by improving tobacco control since gradients exist for smoking by socioeconomic position in most developed countries. [2] [3] [4] The estimated extent to which socioeconomic gaps in total mortality in developed countries are attributable to smoking varies widely. For specific causes of mortality such as cardiovascular disease (CVD), the contribution of smoking to the socioeconomic gradient appears to vary from a minimum, 5 to around a quarter, 6 and to a third or more. 7, 8 Similarly, lung cancer mortality differences by educational level in the 1990s have been found to vary widely between 10 European countries, especially for females, clearly indicative of varying socioeconomic differences in smoking. 9 This last study also used the lung cancer patterns to extrapolate to the percentage contribution of smoking to all-cause mortality using the method of Peto et al.
They estimated that 15-30% of male inequalities and a wideranging À15 to 35% of female inequalities were attributable to smoking. 9 In contrast, a recent World Bank report estimates that smoking accounts for the majority of socioeconomic differences in male mortality in four countries: Canada, Poland, the United Kingdom, and the United States. 11 Some within country studies, using direct analyses on individual-level data with smoking status as a covariate, have found a relatively modest contribution (less than a third). 6, [12] [13] [14] In addition to varying study designs, assumptions, and other sources of error, such variations in the contribution of smoking to socioeconomic differences in mortality will also depend on the cause of death and how smoking was patterned by socioeconomic position in the relevant years prior to the analyses (i.e. allowing for time lags). Indeed, the Lopez et al. 15 model of stages of the smoking epidemic predicts that smoking will be more concentrated in higher socioeconomic groups in Stage 1, but more concentrated among lower socioeconomic groups by Stage 4. Many developed countries (including New Zealand 16 ) are now well advanced into Stage 4 of the tobacco epidemic. 3, 9 To determine the contribution of smoking to both overall mortality, and socioeconomic inequalities in mortality, we analysed data from cohort studies of all New Zealanders during 1981-84 and 1996-99. These large studies permit a precise comparison of the contributions of smoking to mortality and inequalities in mortality both by sex and over time. We chose the highest level of educational qualifications as our measure of socioeconomic position for two reasons. First, education is obtained earlier in the life-course than when most adult mortality occurs making it less susceptible to health selection. Second, as the most distal socioeconomic factor, it is not as important to adjust for other socioeconomic factors that may be on the causal pathway from educational attainment to mortality (e.g. labour force status and income) before determining the contribution of smoking to educational inequalities.
Method

Data
The 1981 and 1996 census records were each anonymously and probabilistically linked to 3 years of subsequent mortality data, 17, 18 creating two separate cohort studies of the New Zealand population followed-up for 3 years. Of those mortality records linked, at least 98% are estimated to be true links. 19 Also, 73% of eligible mortality records (45-74 years of age) were linked for the 1981-84 cohort, and 81% of eligible mortality records were linked for the 1996-99 cohort. 20 There was variation in this percentage of mortality records linked to a census record by sex, age, ethnicity, and neighbourhood deprivation. 18 To adjust for this linkage bias, we calculated weights for use in analyses. For example, if 20 out of 30 M a aori male decedents who were aged 45-64 and living (at the time of death) in moderately deprived small areas of New Zealand were linked to a census record, each of the 20 linked records received a weight of 1.5 (530/20) . Similar weights were calculated by 200-300 strata for each census cohort. 19 Highest educational qualification was classified as nil, school, and post-school level qualification. The smoking variable was specified as never, ex-smoker, and current smoker. Mortality was treated as all-causes, CVD, cancer (malignant), and unintentional injury. Although, unintentional injury deaths may have some causal association with tobacco smoking, 21, 22 the strength of the association is probably considerably less than that for CVD or cancer. We, therefore, included unintentional injury deaths in our analyses to ensure that smoking was contributing more to inequalities in cancer and CVD; a specificity 'test' that would provide some reassurance that our main findings are not just owing to smoking being a proxy for other variables that confound or mediate the education-smoking association. 23 Ethnicity is a major determinant of health, and health inequalities, in New Zealand. 24, 25 Socioeconomic position and smoking also vary profoundly with ethnicity. Therefore, we control for ethnicity (M a aori, Pacific, non-M a aori, and non-Pacific) in addition to age (5 year age groups) in all analyses.
Analyses
Analyses were conducted for person-years in the 45-74 years age range. We excluded younger people as tobacco is not a major contributor to death. The New Zealand Census Mortality Study (NZCMS) does not attempt to link people aged >75 years on census night. Observations with one or more missing values for sex, ethnicity, education, and smoking were excluded, leaving 86.7 and 91.7% of the total eligible person-time available for analyses (2.0 and 2.7 million years, respectively). We used Poisson regression, adjusted for age and ethnicity, to determine the rate ratios of mortality by education before and after adjusting for smoking. We used the percentage reduction in the excess rate ratio (i.e. rate ratio minus 1) after adjusting for smoking to estimate the contribution of smoking to educational inequalities in mortality. For example, if the rate ratio before adjusting for smoking was 2.0 and after adjusting for smoking was 1.90, then the percentage reduction in the excess rate ratio was 100% · (2.0 À 1.9)/(2.0 À 1.0) 5 10%.
To determine the nature of any effect measure modification between smoking and education on mortality, we also examined rate ratios of mortality for a cross-classified education and smoking variable (i.e. reference value of 'post-school education and never smoker', and eight other strata of smoking by education). Analyses were conducted separately by sex and cohort.
Counterfactual modelling
We modelled the percentage reduction in mortality, both for all 45-74 year olds combined and by educational strata, that would result from various counterfactual scenarios (see Table 4 for scenarios). The percentage reductions in overall mortality were simply the population attributable risk (PAR) percentages that would result from the stated shift in the smoking distribution, using the following PAR formula 26 PAR ¼
where RR ij 5 the cross-classified rate ratio of mortality in the ith strata of smoking (i.e. never, ex, or current) and jth strata of education (i.e. nil, school, and post-school qualifications) compared with the reference group of never smokers with postschool qualifications; P ij 5 observed proportion of population in
ith strata of smoking and jth strata of education;P P ij 5 counterfactual proportion of population in ith strata of smoking and jth strata of education. This modelling was conducted for all-cause mortality only among males and females using 1996-99 cohort data only for RR ij and P ij . To avoid introducing instability into the above calculations due to statistical imprecision in the observed crossclassified rate ratios, we used modelled rate ratios that assumed rate ratio homogeneity. That is, the rate ratio for current smokers with nil qualifications compared with never smokers with post-school qualifications was assumed to be equal to the product of the rate ratios for: current vs never smokers, adjusted for age, ethnicity, and education; and nil qualifications vs post-school qualifications, adjusted for age, ethnicity, and smoking. (This assumption of rate ratio homogeneity was a better fit to the observed rate ratios than an assumption of rate difference homogeneity-workings available from the authors on request.)
Results
The distributions of the person-time and deaths in the cohorts available for analyses in 1981-84 and 1996-99 are shown in Table 1 .
The age and ethnicity adjusted rate ratios of mortality for nil compared with post-school educated people were relatively constant from 1981-84 to 1996-99 for both men [rate ratios of 1.34 (95% confidence interval (95% CI) 1.28-1.41) and 1.31 (95% CI 1.26-1.37), respectively] and women [1.42 (1.32-1.54) and 1.42 (1.34-1.50), respectively; Table 2 ]. Further adjusting for smoking reduced the mortality rate ratio for sex by cohort by cause of death analyses. Examining the percentage reduction in the excess rate ratio (using unrounded rate ratios), several patterns are evident. First, the contribution of smoking to educational inequalities was greater for men in both time periods. Second, the contribution of smoking to educational inequalities in mortality (all-cause, cancer, and CVD) increased over time for both men and women. Sixteen per cent of the excess rate ratio for all-cause mortality was explained by current and former smoking in 1981-84 for men, and this increased to 21% in 1996-99. The equivalent percentages for women were 3% increasing to 11%. Third, although, the mortality rate ratios were less for cancer compared with CVD, the percentage contribution of smoking to educational inequalities was higher for cancer within each sex by cohort.
Fourth, considering our specificity test by including unintentional injury, only the 1981-84 result for men suggested that smoking might contribute to educational inequalities in unintentional injury (i.e. 18%). However, this result was based on rate ratios with wide CIs. Further, across the four sex by cohort analyses the average percentage of the injury association supposedly explained by smoking was close to nil (i.e. average of 18, 7, À4, and À14% 5 1.75%). Finally, unlike CVD and cancer, there was no pattern of an increasing contribution of smoking to educational inequalities over time for unintentional injury. These findings considered together provide support for the contention that the above results for cancer, CVD, and allcause mortality were not just a result of smoking being a proxy for other (confounding) variables. Table 3 presents the mortality rate ratios cross classified by smoking and education. It is evident that educational inequalities in mortality existed within all strata of smoking, and smoking was strongly associated with mortality among all strata of education. Modelled rate ratios for all-cause mortality in 1996-99, assuming rate ratio homogeneity for education and smoking, are shown in the last panel of Table 3 .
The percentage reductions in all-cause mortality, overall and within strata of education, are shown in Table 4 for various counterfactual scenarios. Scenario (i) estimates the impact of complete smoking cessation with all smokers becoming exsmokers within their educational group; mortality in 45-74 year olds might decrease by~11 and 5% for males and females. Further, percentage reductions for Scenario (i) are pro-equity in that they are greatest among people with nil qualifications. Scenario (ii) is a historically smoke-free population where nobody had ever smoked. The reductions in overall mortality are now profound (estimated at~26% for men and 25% for women) and greatest among people with nil qualifications.
Scenario (iii) is an imaginary country with no educational inequalities in mortality (everyone had the mortality rates of post-school qualified people) but still one with the same smoking distribution and mortality rate ratios associated with smoking. Scenarios (iv) and (v) are combinations of smoking interventions and eradication of educational inequalities in mortality. An alternative New Zealand c.1996-99 that was both smoke-free and with no educational inequalities in mortality might have had~34% (men) to 38% (women) lower mortality rates. An important point from these combined scenarios is that the mortality reductions are not much less than just adding the mortality reductions that would result from either changing smoking rates or eradicating educational inequalities. That is, it is very worthwhile to tackle both smoking and educational inequalities.
Discussion
Main findings
This analysis indicates that inequalities in smoking contribute to educational inequalities in mortality by moderate amounts in the New Zealand population (i.e. 11% for women and 21% for men for 1996-99). Compared with estimates for European countries, this contribution in New Zealand is about mid-range. 9 But as stated in the Introduction section, understanding the context and the phasing of the tobacco epidemic is critical to interpretation. Our New Zealand findings are potentially illuminating in this regard. First, the percentage contribution of tobacco increased since 1981-84 for both sexes, reflecting the increasing socioeconomic inequalities in smoking over time. 16 One likely reason for this is that smoking uptake has declined more steeply amongst those New Zealanders in the highest socioeconomic level over recent decades. 16 Furthermore, there is evidence that quit rates among higher-income New Zealanders have also increased more than other income groups over this time period. 16 The socioeconomic differential in quit rates may have been attributable to previous economic barriers to quitting technologies (e.g. the price of nicotine replacement therapy), the impact of education on motivation and knowledge of how to quit, and being in a supportive environment. Both person-time and numbers of deaths are weighted as described in the Methods section. All numbers are randomly rounded to a near multiple of three as per Statistics New Zealand confidentiality requirements. The minimum cell size is fixed at 6. 
À14
Rate ratios are calculated using unrounded data.
a Percentage reductions apply to the excess rate ratio (i.e. RR À 1).
The variation by sex in the contribution of smoking to mortality inequalities is also likely to reflect the different historical patterns of smoking prevalence by sex. In particular, the low contribution of smoking to educational inequalities in mortality for women in 1981-84 (3%) matches the small (by education) or absent (by income) gradient in female lung cancer mortality during this period. 27 When considering the most recent data (1996-99) it appears that the complete cessation of tobacco use (i.e. if current smokers became ex-smokers) would be expected to reduce overall mortality rates by~11% for men and 5% for women. If the New Zealand society had historically been smoke-free, then these figures would be higher at~26 and 25% for men and women, respectively. As with any PAR% analyses, these results should be interpreted with caution owing to problems with assuming causality, the effects of group sizes (particularly the reference group), and moderate variations in the strength of association (e.g. the ex-smoker to never-smoker rate ratio was stronger among females than males in our 1996-99 cohort, possibly just due to chance). Nevertheless, our findings reinforce the view that tobacco is one of the most important single risk factors for mortality in this population.
Limitations of this analysis
Non-differential misclassification of smoking status in the census (given limitations of self-reported smoking status 28 ) would probably have caused us to underestimate the contribution of smoking to the inequality gradient. Further underestimation of the contribution of smoking may have arisen owing to differential misclassification bias if the number of pack-years or smoking intensity varied across education (e.g. one national survey found that New Zealand smokers with less education smoked significantly more cigarettes per day 29 ). There is also likely to have been variation in the type of cigarettes smoked (e.g. hand-rolled vs filter cigarettes) and the number of years since quitting might have varied among ex-smokers. Second-hand smoke (SHS) exposure may also increase the overall contribution of tobacco to socioeconomic inequalities in mortality. This is because there is New Zealand work indicating that SHS increases mortality risk by 15% 30 and New Zealanders with lower levels of education have higher levels of SHS exposure. 31 Such exposure is also likely to have varied over time and may partly account for the trends over time found in this analysis. For example, a national law change in 1990 to control smoking in selected workplaces may have reduced SHS among office workers more than factory workers. 32 Taken together, the likely misclassification biases we can identify all suggest we might have underestimated the contribution of tobacco smoking to the educational inequalities in mortality.
On the other hand, smoking is correlated with other variables that may also be mediators or confounders of the educationsmoking association. For example, smoking is associated with other socioeconomic factors and lifestyle factors such as diet. Therefore, when we adjust for smoking we may also be adjusting (in part) for non-smoking contributions to educational inequalities in mortality. This particular problem exists for all epidemiological analyses that seek to partition direct and indirect effects as has been theoretically demonstrated elsewhere; 33, 34 The mortality rate ratios are from a Poisson regression model that also adjusts for 5 year age groups and ethnicity (M a aori, Pacific, non-M a aori, and non-Pacific).
a
The rate ratios of smoking across strata of education, and vice versa education across strata of smoking, were assumed to be homogeneous. The best estimates of the rate ratios of education and smoking were taken from the Poisson regression model than included both variables simultaneously, and adjusted for age and ethnicity (i.e. the model in Table 2 that includes smoking and education). These rate ratios for smoking and education are, respectively, shown in the top row and first column of each 3 · 3 panel. The remaining rate ratios are then calculated by multiplying these baseline rate ratios. For example, the rate ratio for women current smokers with nil formal qualifications is 1.37
75. The assumption of rate ratio homogeneity agreed with the observed cross-classified rate ratios better than an assumption of rate difference homogeneity-workings available from authors on request.
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although, the severity and pervasiveness of this potential bias is not clear. 35 Our analyses of unintentional injury mortality did not find that smoking explained much, on average, of the education-mortality association. That is, the contribution of smoking to educational differences in mortality was specific to CVD and cancer, providing some reassurance that these main findings are not just attributable to smoking being a proxy for other variables. In summary, our estimates of the contribution of tobacco smoking to educational differences in mortality may not be exactly accurate. Indeed, in our view, our results probably moderately underestimate the contribution of tobacco to educational inequalities in mortality. But any such bias should not vary too much between cohorts or sexes (although, the association of SHS with education probably did increase over time). Therefore, we believe our findings of sex variation, and variations over time, in the contribution of smoking to educational inequalities in mortality are robust.
Implications for research and tobacco control policies
The heterogeneity over time and by sex of the contribution of smoking to the educational gradient in mortality in this national population indicates the need for country-specific analyses that are repeated regularly over time-especially in countries with dynamic tobacco epidemics. These may especially be desirable in countries with dynamic tobacco epidemics. We controlled for ethnicity in these analyses and yet ethnic group specific analyses of the educational gradient in mortality are also desirable research outcomes in themselves. All these analyses are possible if smoking data are collected as part of the national census or other large population surveys.
These findings indicate that there is scope to reduce the educational gradient in mortality through tobacco control measures. Interventions of particular relevance include those relating to controls of marketing, raising prices, workplace smoking restrictions, and support for smoking cessation 36 -all of which are now being utilized in the New Zealand setting. A review of 16 studies that aimed to reduce smoking in low socioeconomic groups in various countries found that half of these have demonstrated effectiveness. 37 Out of another nine studies that were not targeted at low socioeconomic groups, in five the intervention was at least as effective in low as in high socioeconomic groups. In particular, smoking cessation services in the United Kingdom appear to be reducing local inequalities in smoking prevalence rates 38 and tobacco control measures may account for the declining national level educational inequalities in smoking rates for British and Italian men. 2 Some of these interventions may start to yield mortality-reduction benefits within a matter of years (e.g. in terms of CVD mortality), whereas interventions that reduce the uptake of smoking would generally take decades to yield significant mortality reduction benefits. Similarly, any interventions to enhance educational levels for those with poorer education would generally take many decades to impact on mortality levels. The counterfactual model of a historically smoke-free society is of potential relevance for governments that might wish to seek financial compensation from the tobacco industry for previous harm done to population health (e.g. via litigation). Our findings also reinforce the urgent need for governments to enhance evidence-based tobacco control interventions that reduce socioeconomic inequalities in tobacco consumption, or at least prevent the full manifestation of socioeconomic inequalities in smoking as predicted by Lopez et al. 15 in Stage 4 of the tobacco epidemic. As with many research reports before, these findings (ii) All current and ex-smokers become never smokers in each educational group (i.e. historically smoke-free). also emphasize the need to protect both overall population health and socioeconomic inequalities in health by urgently ending the free market in tobacco products.
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